A series of three-dimensional structures of the 1-29 fragment of human growth hormone releasing factor in trifluoroethanoJ have been determined by molecular dynamics and distance geometry methods. The resulting structures satisfy information from nuclear Overhauser effect (NOE) distance data and an empirical potential energy function. Although the polypeptide was found to have an ordered structure in all simulations, the NOE data were not sufficient for global convergence to a unique three-dimensional geometry. Several satisfactory structures have been determined, all of which are extended conformations consisting of a short jS-strand and two a-helices (residues 6-13 and residues 16-29) connected by short segments of less well defined secondary structure. Because of the lack of NOE data connecting the helix segments, their relative orientation is not uniquely determined.
Introduction
The human growth hormone releasing factor (hGHRF) is a polypeptide consisting of 44 amino acids. It stimulates the secretion of growth hormone in vivo of all vertebrate species studied to date (Ling et al , 1985) . Physiological studies have shown that the active core of the molecule is located in the N-terminal region and that the 1 -29 fragment of hGHRF retains almost complete activity relative to longer sequences both in vivo and in vitro (Lance et al., 1984) .
To obtain information concerning the solution structure of hGHRF, a biologically active analogue, 27 Nle-hGHRF(l-29)NH 2 referred to as fhGHRF in what follows, of the 1 -29 fragment of hGHRF was studied by circular dichroism and NMR (Clore et al., 1986a) . It was shown that although fhGHRF does not have an ordered structure in water at room temperature, at relatively low concentrations of trifluoroethanol (TFE) in aqueous solution ( -30% v/v) considerable a-helical secondary structure is present. By use of two-dimensional NMR, the 'H-NMR spectrum of fhGHRF was completely assigned, and the secondary structure was evaluated following standard procedures (Wuthrich et al., 1984) . A qualitative interpretation of the nuclear Overhauser enhancements (NOE) indicated that fhGHRF had two distinct a-helical regions (residues 6-13 and 16-29) with the remaining regions less clearly defined. Because no long-range NOEs were observed, it was inferred that fhGHRF assumes an extended non-globular structure. The detailed nature of the a-helical structure and the three-dimensional conformation of fhGHRF in solution remains to be determined.
In a variety of studies on small globular proteins with measured NMR results or model data for interproton distances (Havel and Wuthrich, 1985; Kline et al., 1986; Brunger et al., 1986; Clore et al., 1986b,c) it was shown that restrained molecular dynamics or distance geometry calculations can be used to determine the three-dimensional structure of the protein with typical accuracy of 2 A for backbone atoms and 3 A for side chain atoms. The determination of a unique tertiary fold was dependent on the availability of long-range interproton distances, i.e. distances between residues i, j with |i-j| > 5. At the present state of structure prediction and energy function calculation, die tertiary structure of a protein cannot be determined widiout this longrange information.
In die present work we described restrained molecular dynamics and distance geometry calculations with NOE-derived interproton distance restraints for the peptide fhGHRF. Although the protons were fully assigned and 160 NOE interproton distances were available, only one of them involved residues more than five residues apart in sequence. Starting from several different initial structures and different random seeds in the restrained molecular dynamics and distance geometry calculations, an ensemble of structures was obtained with each structure satisfying the NMR information. Thus, the NOE information combined with the stereochemistry, and non-bonding interactions was found to be insufficient to define a unique global structure witiiin experimental error limits. Despite the differences among the structures we show that they have features in common. In particular, the structures are well extended and have significant helical portions.
The present analysis also provides a comparison of the ability of restrained molecular dynamics and distance geometry to sample a large range of molecular conformations.
Materials and methods
A set of 160 approximate interproton distance restraints were derived from pure phase absorption two-dimensional NOE spectroscopy in 30% (v/v) d3-trifluoroethanol in either D2O or H 2 O; spectra recorded widi mixing times of 200 ms and 300 ms were used for the assignment of NOESY cross peaks, whereas those recorded with mixing times of 100 ms were used for the classification of peak intensities (Clore et al., 1986a) . The available NOEs comprised only short-range (i.e. |i-j| ^5 for residues 1 j) distances apart from an NOE between Ser-9 and Gly-15. The distances were classified into diree ranges, 1.8-2.5 A, 1.8-3.0 A and 1.8-4.5 A, corresponding to strong, medium and weak NOEs respectively. These distance ranges are approximately the same as used in Clore et al. (1986b) wiui the exception diat for weak NOEs the lower distance range limit was reduced from 3.0 to 1.8 A; this takes into account the uncertainties in effective correlation times for the different interproton vectors as well as uncertainties in intensities, in that certain NOEs can be misclassified as weak NOEs without artificially increasing the restraints energy. The use of these distance ranges has been justified 
•The interproton distances were classified into three ranges, 1 8-2 5 A, 1 8-3.0 A and 1 8-4 5 A, corresponding to strong ('S'), ('M') and weak ('W') NOEs Table D The 'center average' refers to the L r, averaging of distances involving unresolvable protons, such as in methyl groups b Tne 'R-6 average' refers to the (E r, -6 )~" 6 averaging of distances involving unresolvable protons in previous work (Braun et al., 1983; Williamson et al., 1985; Clore et al., 1985 Clore et al., , 1987 . A detailed list of the measured NOEs and the distance range classification is given in Table I . Figure  5 of Clore et al. (1986a) summarizes the interresidue NOEs involving NH, C"H and C"H protons.
Energy minimization and restrained molecular dynamics calculations were carried out using a combination of the CHARMM empirical potential energy function (Brooks et al., 1983) Eemmncai and a restraint energy function £ NO E-Th e tota l energy of the system is given bŷ
where £ N0E descnbes the NOE distance ranges in the form of square-well potentials with harmonic walls (Clore et al., 1986b) ; i.e. for a given distance /-,, the E NOE ls given by for r y for r,j ., rf+0.2 ab. The non-bonded energy E^g^ comprises van der Waals and electrostatic energy contributions to the empirical potential energy used in CHARMM (Brooks et al , 1983) perature can become very high (> 1000 K) during stage 2, the integration step has been reduced to 0.15 fs. The present protocol is similar to the one used in molecular dynamics refinement of protein crystal structures (Brunger et al., 1987; Brunger, 1987) and ensures that the system can overcome large energy barriers. The macromolecular refinement program X-PLOR (Brunger, 1987) was used to carry out the restrained molecular dynamics calculations on a CRAY-2; the empirical potential energy part of X-PLOR is based on the CHARMM program (Brooks et al., 1984) . The program DISGEO (Havel and Wiithrich, 1985; Havel, 1986 ) was used to carry out distance geometry calculations based on the metric matrix algorithm. During the fourth stage of the molecular dynamics refinement (Table II) the NOE restraints were augmented by 10 <t> backbone torsion angle restraints derived from 3 JHNO coupling constants measured by double quantum filtered homonuclear correlated spectroscopy (Pardi et al., 1984) . The coupling constants involving residues 10, 11, 12, 17, 19, 22, 23, 24, 26, 27 are <5 Hz; hence, the <j> torsion angles were restrained to the range 0° to -90° by a quartic square-well potential with the scale factor c set to 80 kcal/(mol degrees 4 ) (Clore et al., 1986a,b) . The remaining <j> backbone torsion angles were restrained to the range 0° to -180° with the exception that no restraint was applied to the 4> torsion angle of residue Gly-15. This was done since the 4> backbone torsion angles of all known protein structures fall into the range 0 > <f> > 180° except in cases where glycine residues are involved in type-II turns.
Results
Four different initial structures were used for the restrained molecular dynamics calculations (Figure 1 ): an a-helix (0 = -57°, \j/= -41°) referred to as a^t, an extended /3-strand (<f> = -139°, i/-=135°) referred to as b^,, a polyproline helix (<£ = -80°, \j/= -150°) referred to as p.^, and a mixed a//3 structure referred to as ab^, in which residues 1-6, 13 -16 are in the form of an extended /3-strand and residues 6-13 and 16-29 are a-helical. The latter structure was chosen from a qualitative interpretation of NOE data (Clore et al., 1986b) ; however, there is direct evidence only for the a-helical regions. The side chains were placed in an extended geometry for all initial structures. For each initial structure three restrained molecular dynamics calculations were carried out using different random number seeds for the assignment of the initial velocities in stage 2 (Table IT) . This yielded a total of 12 restrained molecular dynamics structures referred to as a!, a 2 , a 3 starting from a^, b ls b^, b^ starting from b^, Pi, P2. P3 starting from p^, and ab 1( abi, ab^ starting from ab-uu,.
All attempts to carry out distance geometry calculations with the same distance ranges as used in the restrained molecular dynamics calculations failed due to numencal instabilities during the metrization stage, i.e. certain parameters of the distance geometry calculation produced a numencal overflow. Using somewhat relaxed distance ranges (1.8-3.0 A, 1.8-3.5 Aand 1.8-5.0 A for strong, medium and weak NOEs respectively) six out of 20 trials using different initial random substructures were successful. These six distance geometry structures were then subjected to 1500 cycles restrained conjugate gradient minimization with X-PLOR as descnbed in Clore et al. (1986b) . They are referred to as dgj through dgg.
The resulting structures of the restrained molecular dynamics and distance geometry calculations are shown in Figure 2 ; the r.m.s. interproton distance deviations, r.m.s. deviations of bonds and angles from ideality, and non-bonding energies of the structures are listed in Table HI . A detailed list of interproton distance violations is given in Table IV . It is apparent that convergence to a unique structure was not achieved, e.g. structures aj and ab, satisfy the NMR information within experimental error limits and have good stereochemistry, yet the structures are clearly different. All structures assume an extended, somewhat banana-shaped conformation without sharp turns even when starting from the slightly kinked structure ab^, (Figures Id and  2d) . The structures a, and ab, satisfy the NMR interproton distances best and also have good stereochemistry. The other structures (b,, p., dg,) have more interproton distance violations; these violations are comparable with those obtained in the model study on crambin for some of the structures (Brunger et al., 1986; Clore et al., 1986c) . Thus, structures (b-,, p,, dg,) can still be considered within the experimental error limits. All structures satisfy the one long-range NOE observed between Ser-9 C^H and Gly-15 NH. Table V shows the r.m.s. deviations of the converged structures with respect to the initial structures or the averages of the converged structures; differences between average structures are also included. As expected, the r.m.s. deviations of the converged structures from the initial structures are much larger than the deviations from the averages. However, the distributions around the average structure of restrained molecular dynamics structures 15-NH, 'Listed are the distances which violate the distance ranges listed in Table I by more than 5 with respect to the upper limits In the case of the restrained molecular dynamics structures A has been set to 0.5 A; in the case of the distance geometry structures (dg, -dgg) A has been set to 1 0 A starting from the same initial geometry and using different initial random number seeds (part B of Table V) correlate with the shift between the initial structures and the corresponding average structure after restrained molecular dynamics (part A of Table  V) ; i.e. the more the structures move during restrained molecular dynamics, the larger is the r.m.s. distribution of structures around their mean. Figure 2 and Table V also indicate that the global distnbution of the distance geometry structures is significantly smaller compared with all restrained molecular dynamics structures combined despite the fact that the actual distance ranges used for the distance geometry calculations were slightly larger. None of the distance geometry structures have purely a-helical 404 segments (Figure 2e ), and they exhibit more interproton distance violations than the restrained molecular structures. The distance geometry structures also exhibit a larger distribution of local conformations than the restrained molecular dynamics structures; this is probably due to the neglect of dihedral angles and nonbonded interactions in the distance geometry method. The conformation of the distance geometry structures appears to be closest to the restrained molecular dynamics structures b-, starting from an extended /3-strand (Table V) .
To distinguish between local and global convergence, atomic r.m.s. differences were averaged over 3, 5 and 11 residues in Figure 3 for the restrained molecular dynamics structures. It 
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"The average structures were computed by superimposing die individual structures onto a reference structure through die least-squares method (Kabsch, 1976) and then averaging die coordinates The average of structures a, is denoted A, the reference structure was a ( The corresponding notation for the average structures of bj, Pj, abj and dg, is used RMD is the average structure obtained from all restrained molecular dynamics structures with a, used as the reference structure b The symbols a^ versus a^, designate die average of die r m s differences of the individual structures a, from a, mt , the other symbols have corresponding meanings The symbols a, versus A designate die average of die r.m s differences of die individual structures a, from the average structure A, die odier symbols have corresponding meanings Fig. 3 . Averages of atomic r m s differences of die backbone (C, C, N) atoms of die restrained molecular dynamics structures about dieir mean The r m.s. differences are averaged over 3, 5 or 11 residue segments of die individual restrained molecular dynamics structures, for each residue range the segments were superimposed onto a, widi the least-squares mediod (Kabsch, 1976) The values are indicated at die central residue of die corresponding residue range appears that local convergence within 0.75 A around the mean is achieved when comparing only three residues at a time. The increasing r.m.s. differences for the five-residue ranges and 11-residue range clearly reflect the global divergence of the structures. The large differences in overall conformation are located around residue 6 and residue 13. Residues 16-29 exhibit the least deviations and assume an a-helical conformation with distortions present in some of the structures ( Figure 2) ; residues 1 -4 assume a /3-strand conformation and residues 6-13 assume distorted helical conformations in all cases. Discussion fhGHRF is an example of a polypeptide where the information about interproton distance restraints obtained from NMR is not sufficient to determine a unique structure. In contrast to NMR studies of small globular proteins such as crambin (Briinger et at., 1986) and purothionin (Clore et al., 1986b) no NOE data about the tertiary structure of fhGHRF was available. The reason for the absence of observable tertiary NOEs could be either that the structures are extended or that the fhGHRF structure in solution is an average over a set of distinct folded conformations.
Residue Number
The restrained molecular dynamics and distance geometry calculations show that while convergence is achieved locally, several different global conformations appear to be possible. All conformations found are extended, banana-shaped structures without sharp turns. The structures consist of a short /S-strand and two a-helices connected by short segments of less well defined secondary structure. The two helices are denned best and the greatest variability occurs in the connecting segments. The helices found here agree with those deduced from the earlier qualitative analysis of NOE data (Clore et al., 1986a) . Although none of the structures found had sharp kinks in the region 13 -16, their existence cannot be excluded; long molecular dynamics simulations that could lead to folded structures were not performed.
Restrained molecular dynamics starting from several different initial structures appears better suited than distance geometry for exploring possible conformations in cases where the NMR information is incomplete. The distance geometry structures of fhGHRF appeared to be biased towards structures that were obtained by restrained molecular dynamics when starting from an extended /3-strand. Restrained molecular dynamics with other initial conditions (e.g. or-helix) produced structures that were not obtained by the distance geometry calculations. From the distance geometry calculations alone one might have concluded that there is a unique solution conformation of fhGHRF.
